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(54) Title: METHOD AND APPARATUS FOR AUTOMATICALLY GENERATING SCHEDULES FOR WAFER PROCESSING 
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(57) Abstract 

A method and apparatus for producing schedules for a wafer in a multichamber 
semiconductor wafer processing tool comprising the steps of providing a trace 
defining a series of chambers that are visited by a wafer as the wafer is processed by 
the tool; initializing a sequence generator with a value of a variable defining initial 
wafer positioning within the tool; generating all successor variables for the initial 
variable value to produce a series of values of the variable that represent a partial 
schedule; backtracking through the series of variables to produce further partial 
schedules; and stopping the backtracking when all possible variable combinations 
are produced that represent all possible valid schedules for the trace. All the possible 
schedules; are analyzed to determine a schedule that produces the highest throughput 
of all the schedules. 
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METHOD AND APPARATUS FOR AUTOMATICALLY GENERATING 
SCHEDULES FOR WAFER PROCESSING WITHIN A MULTI CHAMBER 
SEMICONDUCTOR WAFER PROCESSING TOOL 

5 pAPKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a multiple chamber 
wafer processing tool and, more particularly, to a method 
and apparatus for automatically generating a 'schedule (s) for 
10 a semiconductor wafer within a multiple chamber 
s emiconductor wafer proces s ing„t op 1 . 

2. Description of the Background Art 
Semiconductor wafers are processed to produce 
15 integrated circuits using a plurality of sequential process 
steps. These steps are performed using a plurality of 
process chambers. An assemblage of process, chambers served 
by a wafer transport robot is known as a multiple chamber 
semiconductor wafer processing tool or cluster tool. FIG. 1 
20 depicts, in part, a schematic diagram of an t illustrative 
cluster tool known as the Endura* System manufactured by 

Applied Materials, Inc. of Santa Clara, California. 

The cluster tool 100 contains, for example, four 
process chambers 104, 106, 108, 110, a transfer chamber 112, 
25 a preclean c h a m ber 114, a buf f er chamber . 116, a wafer 

orienter/degas chamber 118, a cooldown chamber 102, and a 
pair of loadlock chambers 120 and 122 . Each chamber 
represents a different stage or phase of semiconductor wafer 
processing. The buffer chamber 116 is centrally located 
3 0 with respect to the loadlock chambers 120 and 122, the wafer 
orienter/degas chamber 118, the preclean chamber 114 and the 
cooldown chamber 102 . To effectuate wafer transfer amongst 
these chambers, the buffer chamber 116 contains a first 
robotic transfer mechanism 124. The wafers 128 are 
35 typically carried from storage to the system in a plastic 
transport cassette 126 that is placed within one of the 
loadlock chambers 120 or 122. The robotic transport 
mechanism 124 transports the wafers 128, one at a time, from 
the cassette 126 to any of the three chambers 118, 102, or 
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throu^H^r " aCe 13 ^ * a ParticuUr wafer 

through the duster tool; that is, a trace is the order in 
which chafers are visited by a wafer (not necessarily c 
after c,, This should be distinguished from the term '" 
processing sequence- which is the order of a pp ly i ng 
processes (recipes) to a wafer -r* , 
Derfonne . . P ' a Wafer - If more than one chamber 
performs the same process (parallel chambers), a given 



o ; / ct given 

processing sequence may be satisfied b y several different 



' A wafer which competes its processing sequence and is 
returned to the JoadloCc is said to be processed bTthe 

of wafers processed by the too! per unit of time. That is 
if the tool needs t seconds to process n t wafers, then 
15 s -=2t. 

' I (3) 
is the tool's throughput measured in the interval [0 t] 
There are many „ay S to ^ g u 

for a given processing sequence. However, one important 
improvement is to use efficient scheduling routines fTa 
20 given processing sequence. 

The optimization of scheduling involves the choice of 

:i^Zr\z\T decidin9 when to transfer * — *~ ~ 

chamber into the next (and which wafers should be moved if 
any, prior to that move,. A routine, which schedules ^e 
25 movement of wafers through the cluster tool (based on a 
given processing sequence, is referred to as a -schellina 

routine," scneauiing 

The steady-state throughput of a tool under schedulina 
routine A is denoted by S,A,. « n >l th en, depending on 7 

:::ii rocessin9 °* m ° ne ^ - ^ - 

scheduling routines that fulfill the processing sequence 
The routine which maximizes the value of throughput 
deemed the -optimum- routine and the maximum attainable 
value of throughput is known as the tool's -capaciC That 
- if A is the set of all possibie scheduling routines lor 
a given processing sequence, then A* is optimum if 
S(A*)=max{S(A) |A€A} 
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accessor letters, as well as the total nu^er of successors 
for the lnput le tter. The invention provides individual 
modules- for successor computation for serial traces 
parallel traces, and mixed; traces . using a backtracking 
technrque to repeatedly compute, from any letter, all 
possible successor letters, and then compute all possible 
successor letters of the successor letters, a schedule tree 
is deraved. The schedule tree contains all possible 
schedules that will fulfill a given trace. Each and every 
schedule can then be modeled to determine the expected 
throughput of each schedule. By comparing the throughput 
-assocrated-wd-th-each-schWu le. an optimal schedule or 



schedules is identified. 



15 DESCRIPTION hp- ppawTKj^ p 

The teachings of the present invention can be readily 
understood by considering the following detailed description 
m conjunction with the accompanying drawings, in whic^ 

20 ,h k \ depiGtS a thematic diagram of a„ multiple 
20 chamber semiconductor wafer processing I • 

, r m aJ " eir Processing tool being controlled 

by a sequencer that operates using scheduling routines ' 
generated by a schedule .generator in accordance with the 
present invention; 

Fig. 2 depicts block-diagram of schedule generator that 
25 performs operative steps in accordance with the present 

invention; ^ mc 

trace^' ' * ^ ° f * "~ ch ^ serial 

Fig. 4 depicts a flow diagram of a 4-chamber mixed 

3 0 trace; 

Fig. 5 depicts a flow diagram of a schedule 
optimization routine of the present invention; 

Fig. 6 depicts a tree diagram representing all possible 
schedules for a 2-chamber serial trace; Possible 
35 FIG 6A depicts a schematic diagram of a 2-chamber 

serial trace of FIG. 6 showing a wafer in position (1 0, • 

Fig. 7 depicts a tree diagram representing all possible 
schedules for a 3 -chamber serial trace; 
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The microprocessor 200 cooperates with conventional support 

Z'T^ r *"* " POK9r SUPPUeS ' «^-. -he 

"e soL " " CirCUUS ttat aSSi " * ' 

the software routines Ac e,,^ • • 

ineSl As such - it is contemplated that 
s son, of the process steps discussed herein as softly 
processes may be implemented within hardware, e g as 
circuitry that cooperates with the microprocessor' to perform 
various process steps r The schedule generator 50 alsf 
contains input/output circuitry 208 that forms an interface 
0 between conventional input/output (1/0) devices 214 such L 

* Keyboard, mouse, and display as well as an interfac^ o 
-the-secuencer^A-l-thouBh-th-eTc hedule generator 50 is 

depicted as a general purpose computer that is programmed to 
determine scheduling routines in accordance with tl^t 

r:: D u:- t che invention can *• « * *«*£T 

an application specific intergrated circuit (ASK, as 

broads 6 Pr ° CeSS StePS dSSCribed herei " to be 

broadly interpreted as being equivalent^ performed by 

software, hardware, or a combination thereof 
0 The automatic schedule generator 50 of 'the present 

invention executes a schedule generation routine 210^t 
generates all possible schedules for a given trace A 
schedule optimization routine 212 facilitates an automated 
process of producing « optimum schedule for a given caster 
> tool using an exhaustive search of all possible'schedul] T 

disclose 1,19 ae£initi0DS ^ U ^ 

-Tool configuration- describes physical placement of 

a^ers Cl . C 2 , C 3 and C„ a LoadLock (LL) as well as 
one or more robots. 

appliedT eSS Se9UenCe " " ° rder " " hiCh W*— ™ 
applied to a given wafer. FO r example. P„ is the name of the 

n-th process (e.g., etch) and, p p » , 

«■„ f,, Pj, (which also may be 

' " rltCen as P .^V*P,> Sls a process sequence. 

"Processing capability- of a cluster tool is the result 
Of mapping a required process sequence onto the set of 
chambers within the tool. The image of this mapping is 
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which starts and ends with the same letter (e.g., X ) this 
is the only repeated letter, and a successor v of a given 
letter u must satisfy alphabet dependent rules, i.e., rules 
which define a valid trace. 

5 Traces are available in three different configurations, 

A trace is a parallel trace if it is comprised of exactly 
one stage; a trace is a serial trace if each stage has 
exactly one chamber and a trace is a mixed trace if it is 
neither serial nor parallel. (Clearly, to have a mixed 
L0 trace, the number of chambers in the trace is at least 

thre e.) a trace is said to be knotted if there i s » , h ^ r 
whose name appears more than once in the trace (that is the 
corresponding process sequence contains a processing loop) 
To illustrate, F igs . 3 and 4 schematically depict 4-stage ' 
serial and mixed traces, respectively. 

Fig. 5 depicts a high level flow diagram of the 
schedule optimization routine 212. The optimization routine 
contains a schedule generation routine 210 that produces all 
possible schedules in an alphabet induced by, a given trace 
Routine 212 is an automated process that performs the 
following steps: 

a) Input a trace L (step 500), 

b) Produce all possible schedules over L (routine 210) 
using a two step. process, where the first step 
(step 508) generates all possible successor 
positions (letters) to which a wafer can be moved 
from a present position (letter) and the second 
step (step 510) uses a backtracking technique to 
change wafer positions such that other successor 
positions (letters) can be computed by step 508 

O Evaluate each of the schedules in (b) with respect 
to throughput (for a given set of robot and process 
parameters) (step 504), 
d) Record a schedule or a set of schedules which have 
the highest throughput for the given trace L (step 
506) . P 

Since step (c) requires a throughput simulation program for 
computational efficiency, steps (a) , (b) and (d) are 
generally incorporated into the simulation program 
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«,) If, for some k*{0,n}, u [k]=l and «[k + l]= 0 , then v[*]=0 
and vfk + l]=i. For all i e {k , k+1} ^ [i]=Z[il (Th . s 
corresponds to a wafer being moved from C k into C ) 

5 FIG. 6 illustrates all possible schedules available (i e 
two schedules) in a 2-chamber serial trace, fig. 6a depicts 
a schematic diagram of the 2-chamber serial trace of FIG 6 
having a wafer in position represented by the 2-tuple (1 0) 
These n-tuples are referred to herein as the coordinates ' of " 
10 wafer positioning. From position (1,0), the schedule of 
FIG,._6_dictat-e S -t-hat-the-waf-er- is next moved to a position 



*w -v^v^ uiuveu co a positio 

represented by the 2-tuple (0,1), i.e., a wafer is now in 
chamber C 2 and no wafer is in chamber Cl . Thereafter, the 
schedule may follow one of two paths, either the wafer in C 
15 is moved to the loadlock (a wafer positioning that is 

represented by 2-tuple ( 0 ,0)) or another wafer is moved into 
chamber C 2 (a wafer positioning that is represented by 
2-tuple (1,1)). As such< each 2 _ tuple repregents a 

possxble positions for a wafer or wafers that validly 
20 fulfill a step in the trace. 

Similarly, FIG. 7, illustrates the seven possible' 
schedules available in a 3-chamber serial trace and FIG 7A 
depicts a schematic diagram of the trace of fig. 7 having a 

25 Fir^^T" 9 rePreS6nted by *»■ 3-tu P le (0,1,0). From 
^ Fig. 7, the strings 

S p =(l.l.l) (1,1,0), (1,0,1) (0,1.1.) (1,1.1) 
S w =(1,0,0) (0,1,00 (0,0,1) (0,0,0) (1,0.0) 
S x =(1.0,l)(0,l,l)(o,l,0)(l,l /0 )(l,o # i) 

30 bvT"^ "T iCUlar SChedUling r ° UtineS th3t ~ crated 
30 by the schedule generator for a three chamber serial trace 

Such schedules may contain a set of robot and chamber' 
parameters that yield higher or lower throughput than other 
schedules m the set of all schedules. As such, the only 
way to determine an optimum schedule is to examine the 
35 throughput under all possible schedules and, using the 
optimization routine, determine which of the schedules is 
optimal . 
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Generating all SerCountU) successors of a given letter 
u is not particularly difficult. As each successor of u is 
generated, it is stored in a binary matrix Z that has 
SerCountU) rows and ( n+ l) columns. The last column of z is 
5 reserved for a Boolean variable that is set to true if the 
successor was used in a partial schedule and is set to false 
if the successor was not used. This entry is used later in 
the backtracking routine (discussed below with reference to 
FIG. 10) that generates all possible schedules for a given 
10 trace. The successors of a given letter are determined by 

the following function. 

function SerGenerator( M -.letter) : matrix; 

15 i: integer; 

begin 

if u [1] = o _then begin 

copy (U,V); 

v[l] = 1; 

20 store(v.Z); 

end;_ 

if u[n] =_l_then begin 
copy ( " , v ) ; 
v[n] = Oj 

25 store (v,Z); 

end; 

for_i:=i to n-1 

if «[/]=l and w[/+l]=o. then begin 

copy (m,_v); 

v[i]=0; v[i + l]:=l; 

store ( v , Z) ; 
end; 

return (Z) ; 

end; 
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There are two functions which are used repeatedly in 
the above pseudo-code. Function copy (u ,v) returns letter 
u that is a replica of letter v. This manner of 
implementing rules (s l)( (s 2 ) , and (s 3 >, in which the routine 
first copies u into v. and j then modifies v, is not 
inefficient because Z and v differ in at most two- 
coordinates. Function store (v,Z) copies letter v into a 
proper row of matrix Z. Note that in the above module, the 
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binary n-tuple. This is the only repeated latter 

word, in addition. i£ f is a successor of u In - , 

di ffpr ^ UI - then w and 

5 i 

D " tor some i e „-, i) = 0 , chen ^ ^ ^ 

corresponds to a. wafer being 
moved from the loadlock into stage 1 ) 
' -2) « for some i ■« ^ ^ ^ ^ ^ 

J ' * ° *M ■ i^his corres pon_ds_to_a-wa-f er-being— 

■noved fro. the iast stage , k into the loadloc*, . 

hit ) If for some i e= p 

6 p t and some j e ^ 5[| . ] = , and 

21/1-0. then v[/] = 0and v[ y ] = 1 . For all 
' * ft/}. *] = u[r] . (This corresponds tQ a waf ^ 
moved from stage into the next stage ^ 

^determining the number of successors of a given 
letter . , lt will be handy ^ ^ & 

where |^| is the size (nu^er of chambers) of stage Pfc ^ 
above sequence reflects the partition of the index set , - 
into stages. Clear lv m -r, u ° f " 

nearly, M k -n, where n is the number of 

chambers. The number of successors of u is • 
25 the following function: ^termmed by 

function MixCount ( u : letter) : integer; 

30 begin 1 ' j ' nmb:inte ^> 

nmb: =0 

for i:=i to m 1 
if u[i] = 0 
then nmb:=nmb+l 
for J:=l+^_ 2 to jifc 

if 5[i] = l 

then nmb:=nmb+l 
for t:=l to Jc-1 
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for i:=l+if t-I to M t 
for j:=l+tf t to M t + X 

if 2[i] = l and 5[/] b0 then begin 
copy ( U , v) ; 
5 v[/]:=0; v[y] : =l ; 

store {v , Z) 
end; 



10 



return (z); 
end; 



Functus copy < ff .„ md store 
» the corresponding routine (or serial traces. (Not e that 



'"-^^-^ve-functioHTthe^ 

15 MixGenerator,*, oeco.es SerGenerator , , , . For pure parallel 

traces, due to k=i * , Parallel 

a given lettet U is ™~ successors of 



20 v£ Cti ° n ParGen ^tor ( u : letter) :matrix ; 



25 



30 



i : integer; 
begin 

for i : =i to 22 

begin 

copy ( u , v ) ; 

if 5[i] = l 

then v[/]:=0 

else v[i]:=l 

store (v/2) 
end; 

return (z) 
end; 



Mote the similarity between functions that count 
35 successors and functions that generate successors In fa ct 
condxtxons for identifying a successor are identical in Hi 
types of function; the difference is wW . 1<JenC ^ cal ln "°th 
the condition is detected. " ^'"^ ° nCe 

FIG. 8 depicts an illustrative schedule tree for a 
" 3 "° hMber tr ^' «••••• "^-(C.vc,,-**,,. where the 

successors of a particular letter are determined using the 
^Generator,,, pseudo-code. FIG. 8A depicts a schematic 
axagram of the trace of FIG . 8 having wafers posited 7n 
position (1,1.0). puM-cioned m 
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S = xz'-'uv---yx , 

which starts and ends with the same letter and this is the 

only repeated letter Fnrt-Wn, 
s ion - Furthermore, any two consecutive 

5 letters u and v (where 57 i «= = e 

iwnere v is a successor of U) differ in =>- 

most three coordinates and are relate ■ 

the following rules: " aCC ° rdance with 

a) If «[l] = 0and «[„ + l ] = 0 , then v[l] = , , [/l + 1] = 1 

^ aU 1 * {1 ' n+1 >< ^ilO. (This correspondence to 
a_waf_er_being-moved-f rom-the- loadlock to q . ) 



15 
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b) If «[*]=! and + = then v - w = ()and 

For all i e{n , n+1} , (Th . s corresponds ^ a 

wafer being moved from C n into the loadlock. ) 
O If for some r*{0,n}, « [r] = 1 ^ n[r + l] = Q ^ 

S[« + l]-r. then v[r] = 0 and v[r + 1] = land v[„ + l] = r + 1 . 

For all i €{r >r+ l /n +l}, vm = «M fT>11 - c „ 

■" U "l*J. (This corresponds 

to a wafer being moved from Cu into r 

u k into C (k+1) , where 

neither C k nor C(k+1) is a loadlock.) 
d, if *[,] = <> an d M> + ,] = y where . # 0< ^ 

For all i * n+1 , m = n[{] (Th . s CQrresponds ^ a 
robot moving from home position at Cj to a home 
Position at a loadlock in preparation for a wafer 
moving from the loadlock into Cl .) 

e) If *[«] = ! and u[n + l] = j where ^ n, then , [n + {] = n 
For all i * n+1 , m = u[q (Th . s corresponds ^ a 
robot moving from a home position at Cj to a home 
Position at C n in preparation for a wafer move from 
C n into loadlock. ) 

f) If for some r * {0 , n} , u[r)=l and u[r + l] = 0 and 
u[n + l] = j where ; * r , then ^ + IjBf< For aU ^ 
^ *[<] = «[/]. (This corresponds to a robot moving 
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I-t B 1 be the starting letter of a schedule. By using 
the rules for adding a successor letter as discussed in 
Sectxons B. c or D above, the foregoing routines build a 
Parual schedule, say S-U^ . . . ^ ^ m ^ 

S questions to answer every ti» a new letter ^ is added to 
Partial trace S: 

a) Is u x u 2 . . . S k « k+1 a full schedule? . 
W If f 1 « 2 ---« k ii )ctl is a full schedule, are there 
other full schedules which have not been recorded, 



A word u x u 2 ...u^ x is recognized as a full schedule if 
it is buiit according to rules for successor letters and if 
there ex.sts an index i<k+1 such that J^"* 
letters u, u 2 ... i k are different. Thus, to determine a 
15 full schedule a routine checks whether or not 

"k+l*»i. i-1.2,-,k, 
for every newly appended letter * k+1 „ hi ch is a proper 
successor of w k . 

once it is found that u^u^ for see i<k.!. the 

20 routine either prints or stores the fuU schedule u, 

'i.l-**!- To find other schedules, the routine removes 

fro* the full schedule s and looks at some other unused 
successor of a, Tf t-v^,-*. • 

«k- If there ls such a successor, say letter 

z. the routine checks if ^...^ is a full schedule. If 
25 u x ...u k z is not a full schedule, the routine looks at 
unused successors of I and so on. if 5l ...^ is a ^ 

;~ :r~ ut " ™ ~ z - iooks at ~ ~ 

«k- If there are no unused successors of ». 
the routine goes back tacktrack, and looks at unused 
30 successors of ^ and so on , ^ ^ ^ ^ ^ 

the starting letter Basic aii y , the routtae ^ 

following sequence of steps: 
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only one successor < eV?3 , . Hence , Oe^a^H 
and + j 3 , ^ o ?1 r 2f3f4 are all 

schedules and so on. 

5 word T ° ,enti ° ned ^-sly. letters comprising a given 
S word or partral schedule, s are distinguished by their 

posxt.ons; so s,l, is the flrsc letcer * 

second, and so on. The level of a search , 

t . ot a se arch tree is denoted hw 

f 1S 1S als ° *■ ^ of a partial schedule 
schedules of length L are thus paths of length L inT . 
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either ^ *-k £ ^uuncix) or MixCount(jc) 

either of these for a model which includes rohnh 
" S is a partial schedule Q£ lengtK ° - ~t, 

eng h £ s „ L „ ^ ^ £.xf 

iil^TV""" 8 la " er "* - — — • ^tter,. 
P^ally a co^tment to data organization (structure, 
« necessary ln an efficiently designed routine Kee B " 

:;: e: nuraber o£ ch ^ ^ <- *• -^»r 
™^ u-s:?? — ■ - 

x iiierence it the routine generates all 
successors of a given letter *t*a - «races all 

a yiven letter and stores them, as opposed t-o 
ayn^cany generating the successors one-oy-one a^ne need 

th e fo^::;g^r:; e ~ routi - - - — - * 

1. initialize the schedule: s<-0 and u-i M d go to 
Step 2. 

2- *<-S(L) and 8<-cnt(;t). Stor e 8 successors of 
*.7,.y 2 ....,^, and mark them unused. Go to Step 3 

3- 8+4*1 and L*- L+ l and 8<-8-l. Mark ^ used ^ ^ 
to Step 4. 

4. Compare S (L) with 3(1), S (2) S(L _ 1) . 

respectively. if S (i)=s<L) for some i<L print s 
and L and go to Step 5; else, go to Step 2 
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routine prints (stores) the schedule; else, the routine 
continues with building the schedule. 

When a partial schedule becomes a full schedule 
S(1)S(2)...S(L), after storing the schedule, the routine 
5 removes the last letter S(L) and look for some other unused 
successor of S(L-l) . If there are some unused 
the routine appends a successor to the partial schedule ' 
fxnds its successors, appends one of these successors and so 
on If there are no successors, the routine removes S(L-1, 
from S and looks for unused successors of S(L -2, and so on 
The program terminates when L^l^and^^O-^eaning-ther-e-are— 
no unused successors of the first letter) . 

The routine above is valid for any representation of 
the scheduling problem. That is, either serial or mixed 
traces with letters from {0,1}* or either of ^ 
with robot position being part of the model (and thus 

alphabet from. {0.1} n x {o i ^ , 

iu,l...,n}) . Clearly, functions that 
count and generate successors of a given letter are 
different each time. 

Fig. 10 depicts a flow diagram of a schedule generation 
routine 1000 that operates as generally discussed above 
The routine 1000 begins at step 1002 by initialing the 
schedule, e.g., setting an initial letter to an n- tuple 
(n-strmg) of zeros. At step 1004, the routine finds 
25 stores and marks all unused successors of the last letter in 
a partial schedule. The successor letters are determined 
using the pseudo-code routines SerGenerator, ParGenerator 
and MixGenerator and the number of successor letters for 
each letter is determined using SerCount, ParCount and 
30 MixCount. Of course, as mentioned above, if the robot 
position is to be taken into account, these pseudo-code 
routines must be appropriately modified to accommodate the 
expanded letters and the modify rules of successor 
generation. 

3 5 Then, at step 1006,. the routine appends an unused 

successor of the last letter to a partial schedule as well 
as ureases the length of the schedule by one and decreases 
the number of unused successors by one. The routine 
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Although various embodiments which incorporate the 

de^crZ ^ T inVenti ° n ^ bSen sh ™ -d 

descr bed ln detail herein, those skilled in the art can 
readUy devise of the varied enfcodiments * 

5 incorporate these teachings. 
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6. The method of claim 4 wherein each letter contains a 
n- tuple, where n represents a total number of wafer 
positions within said trace. 



5 7 



The method of claim 6 wherein n represents a total 
number of wafer positions within said trace plus a transport 
robot position. 

8. 



The method of claim 3 further comprising the step of- 
Mf) identifying at least one schedule in all possible 



10 

trace 

9. 



The method of claim 8 wherein said identifying step ,£, 
15 further comprises the step of costing the throughput for 
each and every schedule of said al! possible schedules and 
selecting an optimum schedule for the trace which produces 
the highest throughput. 

20 «>' £ m, ! h neth0d ° £ ^ 3 -« ^'tracing step 

(d) further comprises the steps of: . 

<a«) initializing a schedule to an n-string of 2eros 
having a length of one; 

<b' ) identifying all. unused successors of a last letter 
25 ma partial schedule; . -teeter 

schedule! aPPendin9 SUCCSSSOr " S3id Pa " ial 

(d-) increasing the length of the partial schedule by 
one and decreasing a number of unused successors by one; 

(e ) querying whether the last letter of the partial 
schedu e xs the same as a previous letter in the partial 
schedu eand. if not. repeat steps ,„.,. (c .,, J, ^ 
until the last letter of the partial schedule is the same a 
a previous letter in the partial schedule; 

" and I 1 '•' St ° rin9 ^ Pa " ial SChedUl6 a £ul1 **edule 
and storing the length of the full schedule- 

(9') removing the last letter of the full schedule to 
produce a new partial schedule and decreasing the length of 
the full schedule by one; 
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which produces further values of said variable representing 
additional series of values that represent additional 
partial schedules, whereby all possible schedules for said 
trace are generated. 

5 

16. The apparatus of claim 15 further comprising a 
throughput model, coupled to said sequence generator, for 
computing a throughput value for each possible schedule in 

said all possible schedules. 
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"l. ^PP*ratu S of claim 16 further_compri s in g -mean S -f or 

identifying at least one schedule that has the largest 
throughput value. 

15 18. A schedule data structure, stored in a computer 
readable storage medium, of a schedule for processing a 
wafer in a multichamber semiconductor wafer processing tool 
comprising: 

a plurality of n-tuples, where n is a total number of 
possible wafer positions, and the plurality "of n-tuples 
contains only one duplicate n- tuple. 



20 



19- The schedule data structure of claim 18 wherein n is a 
total number of possible wafer positions plus a position of 
2 5 transport robot position. 

20. The schedule data structure of claim 18 wherein the 

n-tuple has a form (x l( x 2 ,x 3 xj , where x defines the 

contents of a particular chamber at a particular point in a 
30 schedule and x has a value 0 when a wafer is not positioned 
in the chamber and a value of 1 when a wafer is positioned 
in the chamber. 
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FIND, STORE AND MARK UNUSED ALL SUCCESSORS 
OF THE LAST LETTER IN A PARTIAL SCHEDULE 



-1002 



1.004 



APPEND AN UNUSED SUCCESSOR OF THE LAST 
LETTER TO A PARTIAL SCHEDULE AND MARK IT USED; 
INCREASE THE LENGTH OF THE SCHEDULE BY ONE AND 
DECREASE THE NUMBER OF UNUSED SUCCESSORS BY ONE 
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APPEND AN UNUSED SUCCESSOR TO THE PARTIAL SCHEDULE, MARK IT USED 
AND DECREASE THE NUMBER OF ITS SUCCESSORS BY ONE 
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